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Geometrical factor and physical reasons for its influence on 
the kinetic and thermodynamic properties of RNA-like
heteropolymers
Oxana V Galzitskaya
Background: It has been shown that not only the primary sequence but also the
geometry of the native conformation influences the kinetic and thermodynamic
properties of a protein-like model. The purpose of this paper is to elucidate the
geometrical factor, which affects the kinetic and thermodynamic properties of
RNA-like heteropolymers, and physical reasons for this phenomenon.
Results: It is shown that increasing the strength of long-range contacts can
accelerate the finding of the native secondary structure for RNA-like
heteropolymers. Decreasing the strength of long-range contacts results in
deceleration of this process. The physical reason for this phenomenon is the
increase in the average energy of non-native structures and, as a consequence,
the increase (in absolute value) of the relative value of native energy from
strengthening long-range contacts under constant energy of the native state.
Statistical analysis of natural RNAs has shown that the mean stability of helices
formed by the pairing of regions that are remote along the chain prevails over the
mean stability of helices formed by regions that are close along the chain.
Conclusions: The kinetics simulations suggest that the folding of the RNA
secondary structure depends on the structural factors of the native state. One
of these factors accelerating large RNA folding is the existence of strong 
long-range helices in the native secondary structure.
Introduction
The hierarchical organization of biomolecular structures
(such as proteins and RNA) suggests a hierarchical mecha-
nism for its folding scenario: as a rule, secondary structure
elements form first in both structures [1–4]. It has been
shown that the possibility of fast folding of the native folds
for protein-like and RNA-like heteropolymers depends on
the sequence and on external conditions such as tempera-
ture and solvent quality [5–8]. For a protein-like model, it
has been shown that geometric properties of the native
structure influence its folding and stability [9,10]: a struc-
ture with mostly nonlocal contacts folded two orders of
magnitude faster than one with mostly local contacts under
conditions at which the native conformation was stable [11].
Even at the first stage of folding, RNA must choose one of
the myriads of possible structures. A natural RNA can be
quickly achieved by a kinetic process, but the factors that
can accelerate the folding of large structured RNAs are
only now beginning to be established. Computer simula-
tions of secondary structure folding of RNA chains
demonstrate that there exist optimal regions of conditions
for fast kinetics (some temperature and solvent condi-
tions) where these chains find their native conformations
much faster than by exhaustive sorting of all possible
chain conformations [8].
The number of long-range base pairs in RNA secondary
structure is not large and obeys the law N(L)= /L3/2 [12],
where  is the constant and L is the contact length. But the
behaviour of the long-range contacts determines the charac-
ter of the helix/coil transition in large RNA: helices formed
by pairing of regions that are remote along the chain melt
simultaneously by the mechanism of a second-order phase
transition, while helices formed by regions that are close
along the chain melt practically independently [13]. 
One can suppose that for folding of a large RNA there also
exists a geometrical factor that can accelerate the search
for the native structure. Computer simulations of sec-
ondary structure folding of RNA chains demonstrate that
the ‘geometrical’ edited chains (with strengthened long-
range contacts) have fast kinetics of finding the native
state in comparison to the kinetics of the random chains.
At the same time, ‘antigeometrical’ edited chains (in
which short-range contacts are strengthened and long-
range contacts weakened) have slow kinetics of this
process in comparison with the kinetics of random chains.
It has also been shown that such behaviour is connected
with increasing the average energy of non-native struc-
tures and, as a consequence, increasing (in absolute value)
the relative value of native energy under geometrical
editing. Antigeometrical editing decreases these values.
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The existence of this geometrical factor for a natural large
RNA implies that the mean stability of long-range helices
is larger than that of short-range helices. Statistical analysis
of the stability of helices in natural RNAs (tRNAs [14],
ribozymes [3,15] and 16S rRNA [16]) shows that these
structures have the above-mentioned property.
Model
A simple model of RNA secondary structure (Fig. 1) was
used in the study [8]. An RNA chain is represented as a
sequence of ‘links’, which can stick together forming
‘pairs’ that model the formation of double helices. Pseudo-
knots are forbidden. Each link can stick to another link,
but only to one at a time. Physically, the link in this model
corresponds to an RNA fragment consisting of a few
nucleotides. The sticking free energy of links i and j, ij,
depends on the number of complementary base pairs in
the interacting RNA fragments and includes the entropic
effects connected with loop formation and interactions of
the links with the solvent. The free energy of RNA sec-
ondary structure is described by equation 1:
where the sum is taken over all the pairs of links (i, j)
formed in a given secondary structure . The native struc-
ture in this model is a secondary structure with the lowest
free energy among the structures with the maximal possi-
ble number of pairs formed between the links. Such a
structure can be found by a fast and strict dynamic pro-
gramming algorithm [17] (without an exhaustive enumera-
tion of all chain conformations). The thermodynamic
probability of the native structure is shown in equation 2:
WN = exp(–FN/RT)/Z (2)
where Z = 

exp(–F/RT). The sum is taken over all the
allowed secondary structures (without pseudoknots); T is
the temperature and R is the gas constant. Such a partition
function can be calculated for any set of ij for the time
proportional to L3 following the algorithm of McCaskill
[18]. The native structure is thermodynamically stable
when WN > 0.5. All kinetic and thermodynamic properties
of the secondary structure are determined by the values
ij/RT, which can be represented in a general form [8]:
ij/RT = ij/RT +  (3)
where 〈ij〉 ≡ 0,  = 〈ij〉/RT is the mean sticking strength,
and 〈〉 means the averaging over all the pairs {i, j}. The
values ij are determined by the primary structure of a
chain. Such a representation of this value allows one to
distinguish the effects connected with the chemical het-
erogeneity of monomers from those connected with an
average attraction of links (determined by the solvent
quality and flexibility of the chain) and with the tempera-
ture, and to investigate the range of key parameters in
kinetics.
Every ‘sequence’ in this model is presented as a matrix of
specific interaction energies ij. For random chains, these
values were generated with Gaussian distribution having
the mean characteristics 〈ij〉 = 0 and 〈ij2〉 = 1. Twelve
random sequences, of 30 and 40 links each, were gener-
ated. The average energy of all structures in this model,
Eav, can be calculated according to equation 4:
where Pij is the frequency of appearance of pair (i, j) in all
structures. It can be expressed as:
Pij = Zi+1,j–1 Z*j+1,i–1/Z (5)
where Zi,j is the partition function which is equal to the
number of conformations if ij = 0 for this part of the
chain; Z*ji is the partition function consisting of two parts:
from the (j+1)th to the Nth and from the first to the ith
monomer inclusive, which is also equal to the number of
conformations for two parts of the chain, if ij = 0. It is
easy to calculate the magnitudes of Z*i,j using the recur-
sive relation similar to that for calculating Zi,j. If all ij = 0,
then Z = Ntot is the total number of secondary structures in
this model. Ntot is 1.7 × 1012 for L = 30 and 6.6 × 1016 for
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Figure 1
(a) One of the many possible secondary structures of an RNA chain,
which is represented as a sequence of ‘links’ (bold lines). (b) Each link
corresponds physically to an RNA fragment consisting of a few
nucleotides.
L = 40. Finally, the average energy of the non-native con-
formations is E′av = Eav – EN/Ntot where EN is the energy of
the native state. The relative value of native energy can
be calculated according to equation 6:
Erel = (EN – E′av)/ (6)
where  is the dispersion of energy contacts, taking into
account the frequency of appearance of every energy
contact in all possible secondary structures, determined by
equation 7:
e contav is the average energy per one contact, which is deter-
mined in a similar way by equation 8:
The long-range native contacts are formed by pairing
between links that are relatively far apart in the linear
sequence and the contact length is defined as the distance
along the chain between the pairs forming the contact
Lij = j – i (j > i). In the native secondary structure of a
random chain, strong contacts (negative value ijN) corre-
spond as a rule to short-range ones, so the number of such
contacts is larger than the number of long-range ones [12]. 
‘Geometrical’ editing of a random chain consists of
rearrangements in the energies of native contacts, ijN, in
the matrix of energies, ij, under constant energy of the
native state: the strongest energy contacts are arranged in
correspondence with the longest contacts for all native
pairs (see Fig. 2). Such geometrical editing can be inter-
preted as an increase in the stability of long-range helices
at the expense of increasing both the helix length and the
relative content of GC pairs in the helices. In addition,
‘antigeometrical’ editing is considered here. Such editing
consists of strengthening short-range native contacts in the
random chains. This procedure is exactly the opposite to
that described above (see Fig. 2).
Folding simulations were done using the Monte Carlo
(MC) method. The kinematic scheme of elementary
movements includes formation of a new pair and decay of
the existing one. A Metropolis criterion is used to accept
or reject movements [19]. The movements are repeated
until the native structure is achieved or if the computer
time is limited (107 MC steps). A detailed description of
the folding simulations of secondary structure RNA is
given in a previous paper [8]. MC folding simulation
permits one to trace the formation of every separate native
contact and determine the characteristic first passage time,
t1/2. For a given chain and every point of external parame-
ters (, T–1), two sets of 25 MC runs were done. For every
set of values, t1/2 was determined as the number of MC
steps required to complete 50% of MC runs (13 of 25
runs). Half-summation of these values (t ′1/2 and t ′′1/2) gives
the estimation of the average characteristic of the first
passage time and their half-difference gives the character-
istic value of error in the estimation of this time:
t1/2 = t1/20 ± t1/2 = (t′1/2 + t′′1/2)/2 ± t′1/2 – t′′1/2/2 (9)
Results
Kinetics and thermodynamics
For computer simulations, 12 sequences of 30 and 40
links were generated. Then their geometrical and antige-
ometrical edited sequences were obtained. The optimal
(for fast kinetics) range of the  and T parameters had
been estimated earlier [20]. Several folding simulations
were made at different external parameters (temperaturee
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Figure 2
Dependence of the energy of native contacts ijN on the contact length
LijN. Circles correspond to a random chain (length L = 30, number
n = 3). Triangles correspond to the geometrical edited chain (L = 30,
n = 3), in which the strongest contacts are formed by remote parts of
the chain. Squares correspond to the antigeometrical edited chain, in
which the strongest contacts are formed by close parts of the chain.
Dashed lines characterize the energy distribution from the contact
length for edited chains.
T and the mean attraction of links ) to determine the
minimal value of the first passage time t1/2opt for random
(t1/2ran) and both geometrical (t1/2geom+) and antigeometrical
(t1/2geom–) edited chains. These values are presented in
Table 1. The t1/2opt values decrease at least one order of
magnitude for geometrical edited sequences and increase
for antigeometrical edited chains in comparison with t1/2opt
values for random chains. 
Figure 3 shows the dependence of the characteristic first
passage time t1/2 as a function of inverse temperature at
fixed value  for one of the chains with different editings
(number n = 8, length L = 30). The difference between
the t1/2ran and t1/2geom+ values grows with deflection from
the region of optimal temperature where kinetics is fast.
The difference between the t1/2geom+ and t1/2geom– values
grows faster. Such dependence is typical of all sequences
where kinetics is not very slow.
Figure 4 shows the dependence of the final pairing of
every native contact (number of MC steps) as a function of
contact energy for random and geometrical edited chains.
These values were also obtained in the optimal region of
external parameters for fast search of the native structure.
Pairs with the strongest energies are fixed first, and the
others are fixed later. The decrease in the t1/2opt values for
geometrical edited sequences can be explained as follows:
the first fixing of strong long-range pairs in the searching
for the native secondary structure results in deleting a
large number of possible pairs between remote links. In
fact, the appearance of such structures (with strong long-
range pairs) leads to a slight increase in thermodynamic
probability of the native state, wN; for this model, it makes
on average a fourfold difference (see Table 1). At the
same time, the fixing of strong short-range contacts in the
native secondary structure does not result in deleting the
enhanced sorting of contacts between the links, because
short-range contacts prevail over long-range contacts in
almost all possible secondary structures. Therefore, the
thermodynamic probability of the native state decreases
on average by two orders of magnitude in comparison with
that for the random chains (see Table 1 and Fig. 3b).
It should be noted that such geometrical editing is not suf-
ficient to determine t1/2 to find the native secondary struc-
tures for some random chains; for example, sequence 4 (40
links) has no contacts strong enough in its native sec-
ondary structure, and sequence 6 (30 links) has no long
contacts in the native structure (Lmax = 9 in comparison
with Lmax = 15 for this length).
Naturally, the editing of the random chains changes the
average characteristic of the system. In this model,
changes can be traced in the average energy of non-native
structures, E′av, dispersion of energy contacts, , and the
relative value of native energy, Erel (see eq. 6). These
values for random and edited chains are presented in
Table 2. The geometrical editing results in increasing the
E′av values and the absolute values of Erel. The average
difference Erel makes is 1 between random and geometri-
cal sequences, 2 between random and antigeometrical
edited chains and 3 between two opposite editings. This
difference increases to 2, 3, and 4.5, respectively, for
chains with L = 40. It should be noted that this difference
calculated at infinite temperature is the least estimation.
To elucidate the influence of pure geometrical editing on
the kinetics in this model, the thermodynamic probability
of the native state has been returned to the previous value
(wNran) by an addition of the positive value  to all energies
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Table 1
Kinetic and thermodynamic characteristics of random and edited chains.
L = 30 L = 40
n 1 2 3 4 5 6 7 8 1 2 3 4
t1/2ran × 10–6 0.9 ± 0.1 >10 (22) 1.2 ± 0.2 0.3 ± 0.05 >10 (8) >10 (2) 8 ± 0.5 0.2 ±0.06 >10 (13) >10 (12) 7.9 ± 0.5 >10 (0)
t1/2geom+ × 10–6 0.4 ± 0.05 0.9 ± 0.2 0.26 ± 0.06 0.05 ± 0.01 7 ± 1 >10 (7) 2 ± 0.2 0.05 ± 0.01 3.6 ± 0.5 2.6 ± 0.4 1.5 ± 0.3 >10 (8)
t1/2geom– × 10–6 2.2 ± 0.5 >10 (10) 4 ± 0.5 >10 (10) >10 (0) >10 (0) 9.5 ± 0.5 1.2 ± 0.05 >10 (0) >10 (2) >10 (5) >10 (0)
t1/2*geom × 10–6 0.7 ± 0.05 >10 (20) 0.5 ± 0.1 0.2 ± 0.05 7 ± 1 >10 (0) 6 ± 0.5 0.4 ± 0.08 >10 (16) 4.4 ± 0.4 3.5 ± 0.5 >10 (0)
wNran × 105 3.4 17 7.9 6.5 2.2 4.5 1.9 40 1.7 1.2 1.2 0.05
wNgeom+× 105 9.5 24 23 92 2.2 5.9 6.3 500 9.2 2.0 4.6 0.2
wNgeom–× 105 0.7 0.2 0.4 0.02 10–3 0.1 0.02 7 0.01 10–3 0.05 10–4
t1/2ran, t1/2geom+, t1/2geom– are the minimal characteristic first passage
times and errors of these times for random, geometrical and
antigeometrical edited chains. t1/2*geom is obtained for the geometrical
edited sequences in which wN = wNran. If t1/2>107, the number of
successful runs (of the total 50) is listed. L is the chain length. wNran,
wNgeom+ and wNgeom– are the thermodynamic probabilities of the native
states for these chains at optimal values of external parameters.
of native contacts. The  value has different meanings for
every sequence (∼ 0.03–0.16). New kinetic experiments
were done to determine the minimal value t1/2*geom with a
changed matrix of energies ijN. Such modified geometrical
edited sequences also find their native state faster in com-
parison with the random chains if Erel*geom (wN = wNran) >
Erelran. For other chains (n = 2, 6, 8 and L = 30), the kinetics
is slower than for random chains.
Statistical analysis of the stability of long-range and 
short-range helices in natural RNAs
The contact strength determines its stability, so it can be
suggested that for natural RNAs, the stability of long-
range helices is larger than that of short-range helices. In
order to clarify this fact, the stability of helices in natural
RNAs is considered: 33 tRNAs [14], three ribozymes
[3,15] and 16S rRNA [16]. Every helix is considered as an
independent part of the remaining backbone chain. The
stability (strength) of the helix depends on the base pair
added. The values used for calculating the stability of
helices vary between 0 and –5 kcal mol–1 depending on
the stacked pairs [21]. Loops have not been taken into
account except for internal loops and defects in helices.
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Figure 3
(a) Dependence of the characteristic first passage time t1/2 and
(b) thermodynamic probability of the native state wN as a function of
inverse temperature T–1 at fixed value : (i) random ( = –0.5), 
(ii) geometrical ( = –0.5) and (iii) antigeometrical ( = –2.0) edited
chain (L = 30, n = 8).
Figure 4
Monte Carlo time for the final pairing of every native contact tijcont for
(a) random and (b) geometrical edited sequences (L = 30, n = 3). The
values were obtained in the optimal region of external parameters,
which are the same for both chains (T–1 = 1.5;  = –1.5).
Such an assumption is correct for this consideration
because the aim is not to calculate accurately the free
energy of the whole structure. The contact length for
every helix is defined as half-summation between the
contact length of the end pairs of helix.
tRNA has a simple secondary structure as compared to
known and supposed secondary structures for large RNAs.
Stabilities of helices of 33 structures [14] have been calcu-
lated. The average data are presented in Figure 5. The
acceptor helix is the most stable one in tRNAs that is
formed by remote parts of the chain. This is supported by
experimental work [22]. The data for long-range and
short-range helices averaged on 33 tRNAs are presented
in Table 3.
Nevertheless, it should be noted here that not only the
contact length of a helix, but also the positions of helices
relative to the place of the structure branching are of
importance for large RNAs. Both long-range helices and
short-range helices situated in this place should be
stronger than the other ones. Therefore, the correlation
between strength and contact length of helices will not be
more pronounced for large RNAs. This fact is supported
by the analysis of stability of helices for large RNAs: the
mean stability of long-range helices is larger than that of
short-range helices, but the dispersion of this value grows
with an increase in the chain length (see Table 3). 
Ribozymes are catalytic RNA molecules that can promote
specific biochemical reactions. They have more complex
secondary structure than tRNA [3,15]. Stability of the
helices of three ribozymes is presented in Figure 6 as a
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Figure 5
Mean stability 〈G〉 (kcal mol–1) of the helices for tRNAs is averaged over
33 structures [14]; l is the helix length and L is the contact length of
helices defined as half-summation of contact length between the end
pairs of the helix. The contact length is defined as a distance along the
sequence between the nucleotides forming the pairing. (i) Acceptor
helix, (ii) D helix, (iii) anticodon helix and (iv) T helix. 
Table 2
Energetic characteristics of random and edited chains.
L = 30 L = 40
n 1 2 3 4 5 6 7 8 1 2 3 4
E′av ran –0.19 1.35 –0.65 –0.75 0.66 –0.90 –0.72 –0.07 –0.34 –0.74 0.04 0.44
geom+ 0.28 1.58 –0.26 –0.14 0.79 –0.76 –0.17 0.22 0.47 –0.39 0.74 0.84
geom– –0.82 0.62 –1.25 –1.32 –0.55 –1.46 –1.33 –0.73 –1.20 –2.00 –0.60 –0.52
geom* 0.35 1.36 –0.18 0.04 0.79 –0.74 –0.11 0.33 0.61 –0.34 0.80 0.88
 ran 1.04 1.02 0.98 1.13 0.92 0.97 0.99 0.99 1.05 1.02 0.97 0.97
geom+ 0.98 0.99 0.92 1.00 0.91 0.95 0.94 0.98 0.97 0.99 0.90 0.94
geom– 1.11 1.09 1.04 1.18 1.05 1.02 1.06 1.08 1.14 1.12 1.04 1.04
geom* 0.98 1.02 0.92 0.99 0.91 0.95 0.94 0.97 0.97 0.99 0.90 0.93
Erel ran –16.10 –14.61 –16.23 –18.30 –14.12 –15.17 –15.27 –18.60 –23.27 –22.69 –23.42 –21.60
geom+ –17.42 –15.25 –17.60 –21.16 –14.41 –15.53 –16.68 –19.17 –25.99 –23.70 –26.48 –22.79
geom– –14.52 –12.92 –14.72 –16.96 –11.23 –13.82 –13.75 –16.71 –20.83 –19.57 –21.56 –19.16
geom* –16.69 –14.49 –16.59 –19.22 –14.41 –15.11 –15.82 –17.90 –24.25 –25.18 –25.52 –22.03
EN ran –16.86 –13.51 –16.53 –21.34 –12.33 –15.54 –15.83 –18.52 –24.84 –23.82 –23.04 –20.47
geom* –15.96 –13.36 –15.43 –18.94 –12.33 –15.09 –14.93 –17.02 –22.84 –23.22 –22.04 –19.67
E′av is the average energy of all non-native conformations.  is the dispersion of energy contacts. Erel is defined in equation 6. EN is the energy of
the native state. The data are presented with an accuracy of 0.01. E′av,  and Erel are calculated at infinite temperature.
function of the helix length and contact length. We con-
sider a helix to be long range if its contact length is larger
than 100. There are strong short-range and long-range
helices in ribozymes; nonetheless, the average stability of
long-range helices is larger than that of short-range helices
(Table 3). It is known [3] that the P4–P6 subdomain of the
Tetrahymena ribozyme is more stable than the P3–P7 one
and forms first in folding. Both subdomains consist of
long-range helices, but the P4–P6 subdomain has the most
stable long-range helix.
The secondary structure for the 16S rRNA [15] is consid-
erably more complex and is larger than the previous one
(we use helix numbering by analogy with that given in
[23]). Figure 7 shows the distribution stability of helices
depending on the contact length and helix length. A helix
is considered as long range if its contact length is larger
than 200. There are high peaks both on short-range
contact length and on long-range contact length; nonethe-
less, the average stability of long-range helices is larger
than that of short-range helices (Table 3). It is interesting
to note that nine highly variable areas in this RNA belong
to short-range helices [23]. It should be noted here that
the 16S rRNA has a strong branch structure and the
overall ratio of GC:AU pairs is about 2. It has been shown
[24] that the larger content of GC pairs in the secondary
structure, the greater the branching of the structure. But
strong long-range helices are important for the holding of
domains. Such helices are the strongest among those in
the 16S rRNA structure (Fig. 7). It has been shown [25]
that the significant increase of the hydrodynamic dimen-
sions of the 16S rRNA during unfolding by urea up to
4–6 M is explained by a disruption of the GC pairs, which
leads to disruption of the domain structure.
Discussion
The computer simulations show that the geometrical
editing, resulting in the appearance of strong and long-
range native contacts without changing the energy of the
native state, can accelerate the search for the native state
even for random chains. The experiments with geometrical
and antigeometrical editing have demonstrated the role of
strong long-range and short-range interactions in the RNA
folding. The reason for such acceleration in finding the
native state is explained by increasing the average energy of
non-native structures and, as a consequence, increasing (in
absolute value) the relative value of native energy. In this
case, it is very important to consider random sequences.
This allows one to neglect the thermodynamic stability of
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Table 3
Mean stability of short-range and long-range helices in natural
RNAs.
Short-range helices Long-range helices
RNAs 〈G〉 〈l 〉 n 〈G〉 〈l 〉 n
tRNAs –11.1 ± 3.9 4.7 ± 0.5 99 –20.1 ± 3.8 7 33
Ribozymes –11.0 ± 4.5 6.7 ± 3.5 40 –16.4 ± 4.4 7.8 ± 2.2 11
16S rRNA –10.7 ± 6.0 7.4 ± 4.5 51 –16.2 ± 7.5 8.0 ± 2.3 14
〈G〉 (kcal mol–1) is the mean stability of helices. 〈l 〉 is the average helix
length. n is the number of helices by which averaging of stability and
length has been done.
Figure 6
Distribution of stability G (kcal mol–1) of the
helices of the Tetrahymena ribozyme [3],
RNase P RNA from Bacillus subtilis and
Escherichia coli [15] as a function of helix
length (l ) and contact length (L). The region of
long-range helices is indicated by an arrow.
the native structure, which is one of the general factors in
enhancing the folding of the biological molecule [5,7]. 
It is interesting to note that the improved design consid-
ered in [11] optimizes both the energy of the native state
(decrease) and the average energy of the non-native struc-
tures (increase). Such geometrical editing changes only
the second factor (increase) and does not change the first
factor, so the energy of the native state is fixed. The
editing considered in [8] decreases strongly the energy of
the native state and also decreases, however weakly, the
average energy of non-native structures.
Short-range interactions, which are expected to form very
rapidly [15], are more favourable from the point of view of
local thermodynamics. Folding of large RNAs is hindered
by the formation of long-range helices because there are
many possible interactions between remote chain regions.
It is noteworthy that a weaker base pairing means that the
closing of loops is more difficult and destabilization
caused by the loop closure, which is the nucleation event
in the intrachain helix formation, is more readily compen-
sated by GC pairs than by AU pairs [26]. It is evident from
the statistical analysis of natural RNAs and the computer
simulations of secondary structure folding of random and
edited chains that not only the long-range secondary struc-
ture [27], but also the existence of strong long-range
helices is a common feature of large RNAs that results in
enhancing the folding of the natural RNA. According to
the hierarchical principal, short-range secondary structures
are formed first, but strong long-range helices are required
to fix a larger-scale subdomain structure.
It is most likely that strong and long-range native-like
interactions are a characteristic feature of all biological
molecules, which must avoid an exhaustive sorting of a
huge conformational space to fold into the native state.
These interactions can correspond to “kinetically impor-
tant positions” [28] and stabilize the kinetic intermediates
during folding. S–S bonds and long-range strong sidechain
packing between remote parts of the sequence can play
such a role in proteins. It has been shown [29] that pairing
of two -helices at opposite ends of the chain plays a criti-
cal role in the kinetics of cytochrome c folding; if isolated
fragments of helices are intrinsically unstable, then helices
may be stabilized by nonlocal interactions between sec-
ondary structure elements [30]. 
The search for the factors affecting the kinetic and ther-
modynamic properties of protein-like and RNA-like het-
eropolymers continues. The obtained factors may be
useful in protein and RNA design.
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